Thin film ion-conductive materials may represent essential components of future all-solidstate batteries. Besides, they are also of interest from a fundamental point of view. In this article, the deposition of thin films of complex oxides and amorphous glasses is discussed. Methods of local chemical analysis by analytical electron microscopy and atom probe tomography are described and studies of atomic transport in sputtered network glasses are presented. As experimental examples, thin films of Li borate and silicate glasses, LiCoO 2 , V 2 O 5 , and Li 4 Ti 5 O 12 are addressed.
Introduction
Electrochemical devices such as batteries, fuel cells, chemical sensors or electro-chromatic switches, require significant ionic conductivity to achieve high power efficiency or fast response. High atomic mobility and at the same time sufficient mechanic stability are conflicting properties that are hardly combined in a solid material. Therefore, the development of all solid state devices is a delicate matter, especially when they should be used at room temperature. In order to realize them, one may search for distinguished materials of utmost specific conductivity, as they were found in the few cases of so-called superionic conductors. As an alternative strategy however, one may also try minimizing the required transport distances. Modern Li ion batteries follow this concept when they make use of powder type electrodes. Active materials and conductivity additives are combined in a heterogeneous short-scaled mixture thereby reducing the length of slow transport paths to the necessary minimum.
In order to separate the two half cells of a secondary battery, an ionconductive membrane is required. In commercial batteries usually some liquid or at least a polymer with liquid-like behavior is used to achieve sufficient mobility. However, one may apply here also the concept of reducing length scales. Reducing solid membranes down to a few tens of nanometers in thickness, the required absolute conductivity may be achieved even with materials of low specific conductivity.
To realize the concept of reduced length scales and also to study respective chemical and physical properties from a fundamental point of view, nanometric ionic devices must be produced in a controlled manner. This is most easily achieved in multilayer architectures. Clearly defined planar interfaces allow the characterization of reactions during charging and de-charging in greater detail than it is possible in conventional particle geometries. Therefore, the growth of thin films has attracted considerable attention recently, see e.g. [1] [2] [3] [4] [5] .
Obtaining correct lattice structures in deposited thin films and maintaining the desired stoichiometry is usually a delicate problem. This article describes deposition of relevant materials by ion-beam sputter deposition. Suitable sputter conditions to grow complex oxides are identified. With electron energy loss spectroscopy and atom probe tomography, we present two distinguished means of microscopic chemical analysis which will in future allow investigating electrochemical functions even with subnanometer resolution.
Finally, we will discuss the conductivity of thin glassy membranes. In the case of crystalline materials, un-isotropic growth usually leads to considerable roughness of interfaces so that thin membranes fragment easily. Furthermore, heterogeneous ionic transport along grain boundaries may destroy planar layer structures after short time of operation only. In order to avoid these difficulties, amorphous materials represent suggested alternatives. In this work, we focus on borate and silicate network glasses which obtain significant conductivity for alkali ions by suitable doping.
Although this article partly reviews work that was published elsewhere, it does not represent a review in its classical sense. Selection and presentation of topics follow strictly the scientific interest of the authors. Certainly, the present article cannot provide a complete overview on all relevant work that has been published in literature by our distinguished colleagues.
Thin film deposition
Controlled deposition of thin films can be achieved by various techniques. While chemical vapor deposition requires a dedicated chemistry matched to a specific material, the advantage of physical deposition is its general applicability to a broad range of different materials. Laser ablation and sputtering are perhaps the most popular techniques. Almost every material can be ablated or sputter-eroded by laser beams or energetic particles. However, it is by no means natural to achieve the right stoichiometry and atomic structure in deposited films. Also preparation of targets may become a delicate matter in the case of materials with high melting point or very brittle materials. In this work therefore, we explore deposition of thin films by a particular variant of sputtering, the so-called ion beam sputtering technique. This method offers certain advantages, if experimental thin films should be produced in a versatile manner.
For the reported thin film growth, a custom made deposition chamber was designed and assembled. The experimental setup is illustrated by the sketch in Fig. 1 . A beam of energetic particles, argon or a mixture of both, argon and oxygen, is produced in an external gun (Rau&Roth, RF source, 4 cm ∅). A plasma at the exit of the gun decharges the accelerated ions so that targets are hit by neutral particles. Thus, correctly the method should be termed "neutral particle beam sputter deposition". Several targets can be mounted on a water cooled revolver so that switching between different layer materials is possible just by rotating the target head without breaking the vacuum. Substrates are mounted on a rotatable water-cooled sample stage. Controlled deposition temperatures up to 700
• C are achieved by an UHV suited ceramic heating plate. The geometry of the sample stage allows turning the substrates in front of the gun to become directly exposed to the beam. In this way, cleaning surfaces just before deposition is easily possible. Growth rates are measured in-situ by a quartz balance attached close to the substrate. In addition to the oxygen fraction in the energetic beam, the vacuum chamber may be flood by other process gases. However, the background pressure during the process must be always limited to a few times 10 −4 mbar to warrant a reliable function of the ion gun.
In comparison to conventional magnetron sputtering, the important advantage of generating a beam in a separate gun chamber lies in the fact that targets and substrates can be held in field-free space and are hit by neutral particles. In this way, any potential charging of target and substrates is reliably prevented, which may become quite important, if thin structures of materials with low electronic conductivity are deposited on complex substrate geometries.
For versatile experimental studies, a flexible supply of targets is a prerequisite. The ion beam sputtering method needs only rather small and thin targets so that also experimental materials can be processed, of which only a small amount is available.
Circular disks of 8 cm in diameter are required for the setup shown in Fig. 1 . In the case of metals, these disks were just cut from suitable foils. Network glasses were produced by melting appropriate mixtures of alkalicarbonates and silicates or borates. The melt was poured in an appropriate crucible to obtain transparent disks of about 4 mm in thickness, see Fig. 2a . This technique fails, if brittle and complex oxides, such as LiCoO 2 or Li 4 Ti 5 O 12 should be processed. For the latter, a pan-shaped container made of stainless steel was developed in which powders of the required average composition are filled and compacted under a pressure of 150 MPa, followed by a sinter heat treatment (see Fig. 2b ). It should be noted that the target does not need to present the material in its final structure desired in the growing layers. In extreme cases, even heterogeneous powder mixtures of raw materials can be used which only offer the appropriate total concentration of components. Lattice structure and final composition are determined during growth by choosing correct growth rate, temperature and gas atmosphere.
With the described experimental setup, complex multilayers can be produced. Even experiments supposed to be rather simple, such as conductivity measurement of a single glass layer, may require a complicated layer sequence for practical reasons. For example, a layer structure is shown in Fig. 3 , which allows measurement of ionic conductivity of thin borate glass membranes down to 7 nm thickness in current perpendicular to plane (CPP) geometry [6, 7] . The membrane is sandwiched between two metallic electrodes, however in a complex manner: In order to avoid interface roughness which induce electrical short circuits, polished Si substrates are first coated with a very thin electrode (10 nm) made of an Al(Li) alloy. Thicker electrodes of crystalline metals had induced too much roughness. On the other hand, a reliable contact to spring loaded pins must be warranted at the surface side. The electrode must provide chemical and mechanical stability so that the thin glassy membranes are not damaged by the spring load. Therefore, a thicker Al(Li) alloy (100 nm) is deposited, followed by a Ta diffusion barrier (20 nm) and a Au top layer (50 nm) preventing the device from surface oxidation.
With the described deposition technique, thin films of the cathode materials LiCoO 2 and V 2 O 5 as well as the anode material Li 4 Ti 5 O 12 were produced. Obtaining correct structure and stoichiometry is a delicate matter. Therefore, any new material requires a series of preliminary calibration experiments in which Fig. 4 . XRD of LiCoO 2 layers sputter-deposited under a 3 : 2 mixture of argon : oxygen at different temperatures. The bottom spectrum belongs to the powder material of the target. Inset demonstrates peak splitting into the (006) and (012) reflections which appears for temperatures of at least 500
• C, if oxygen is present in the sputter atmosphere.
optimum sputter conditions are determined so that either bulk properties of the materials are matched as good as possible or desired non-equilibrium structures are formed. Already the correct chemical composition is a difficult problem, since atomic species may differ in their sputter rates or are potentially lost as gaseous component. If required, the precursory composition of the target must differ from the desired final composition to compensate for potential losses. In deposition of oxides, controlling the correct oxidation state is most important. To this aim, the layers produced in this work were first characterized by standard methods, such as X-ray diffractometry (XRD), cyclo-voltammetry (at constant voltage rate) and chrono-potentiometry (at constant current) to warrant correct structures and check electrochemical properties. An exemplary study of LiCoO 2 films by XRD is shown in Fig. 4 [11] . Diffractograms of layers achieved in an Ar : O 2 ratio of 3 : 2 at different substrate temperatures are compared to the calibration spectrum of commercial powder material (bottom). Besides the ideal rhombohedrical equilibrium structure, also a metastable low temperature modification is known which however reveals a significantly lower charge capacity [8] . The desired equilibrium phase is distinguished by a pronounced (003) peak and a reflex splitting between e.g. the (006) and (012) peaks which appears only for the rhombohedrical phase. Comparing the spectra in Fig. 4 , it becomes obvious that a deposition temperature of at least 500
• C is required to form this optimum structure of LiCoO 2 [11] . Fig. 5a . A negative current corresponds to Li insertion into the thin film. Integrating the charge on respective half cycles, capacities are determined as shown in Fig. 6b . The initial charge capacity (Li insertion into V 2 O 5 ) amounts to 66 μA h cm −2 μm −1 . A significant decrease is noticed during the first few cycles. After 25 cycles the capacity has decreased to 59 μA h cm −2 μm −1 . However, a plateau value of 89% of the initial charge cap- Fig. 6a as well as a measurement of voltage during charging and decharging at constant current (chronopotentiometry). Since currents were rather high in measurement of the cyclovoltammogram, the apparent capacity tends to be low. However, even when applying the slower charging of the chrono-potentiometry, we had to learn that the storage capacity of our layers is with 35-40 μA h cm −2 μm −1 still significantly less than the theoretically expected capacity of 60 μA h cm −2 μm −1 . With Li 4 Ti 5 O 12 layers produced by magnetron sputtering, Wang and coworkers [9] have already demonstrated a storage capacity closer to the theoretical maximum.
As will be explained in the next section, more sensitive characterization must be applied to detect even minor modifications when deposition conditions are varied. On the basis of all the experimental characterization performed in this work, including the microscopic analysis discussed below, optimum conditions for deposition of the respective materials were determined. The most important parameters are summarized in Table 1 together with the achieved capacity. Further details on the three deposited electrode films can be found in [10, 11] .
Structural and chemical analysis of layer materials
A prerequisite for controlled experiments with thin films is a correct chemical analysis of sputter-deposited materials. Beside conventional X-ray diffractometry to check lattice structure and lattice spacings, electron energy loss spectroscopy and energy filtered imaging in a TEM is used to characterize the deposited material in detail. Furthermore, high resolution, 3D chemical analysis in atomic sensitivity by atom probe techniques was developed to be applied to battery materials. In the past, atom probe tomography was restricted to metals or at least materials of sufficient electronic conductivity, which excluded many interesting functional materials from being measured. However, recently this situation has markedly changed. The method has been opened to oxides and other ceramics by introduction of laser-assisted evaporation modes. In this chapter, the two analytical techniques are discussed in greater detail.
Electron energy loss spectroscopy
Electron microscopy is a versatile tool to verify the microstructure, determine the thickness of deposited layers, and to characterize interfacial roughness. In the case of multilayers, usually preparation of an electron transparent cross section sample is required. Traditionally, this has been obtained by mechanical grinding and subsequent ion milling. Nowadays many complex process steps can be saved with a lift out procedure performed within a dual beam focused ion beam microscope (FIB).
If cross section samples of the layer stack are already prepared, detailed additional chemical information can be obtained by electron energy loss spectroscopy, without any further required preparation step. Any inelastic interaction of the beam electrons with the sample causes energy loss to the primary electron beam which can be measured by an energy dispersive electron optics. If the interaction of the primary beam takes place with core electrons, the energy loss is characteristic for the chemical species that are contained inside the illuminated area. To first approximation, such energy loss spectrum may be interpreted as the reciprocal of an energy dispersive X-ray spectrum.
At the energy positions of the characteristic X-ray peak, an absorption edge appears in the energy loss spectrum. An example of a sputter-deposited NaO 2 -B 2 O 3 network glass is presented in Fig. 7 . The spectrum has been obtained with a Zeiss Libra 200 FE microscope comprising an in-column energy filter of ΔE = 0.7 eV resolution. Absorption edges of all glass components are clearly seen. In addition, carbon is indicated which stems from surface contamination of the cross section sample. In order to evaluate the edge intensities, background is subtracted locally in a power law approximation as demonstrated at the oxygen edge in Fig. 7 . The remaining intensity in a defined energy window (marked as grey area) is compared with theoretical interaction cross sections. For this, a standard algorithm [12] is used as provided in commercial programs [13] . In this way, even a calibration free analysis becomes possible.
For sputter-deposition of borate and silicate glasses, targets were obtained by melting alkali carbonates and network formers exactly in the desired final composition. Sputter deposition was performed in pure Ar atmosphere at room temperature. In all cases, in which a direct analysis by EELS was possible, it turned out that the stoichiometry of the target glass is reasonably transferred to the deposited thin film. In the example presented in Fig. 7 , a composition of (38.2 ± 3.8) at.% boron, (53.3 ± 5.3) at.% oxygen and (8.5 ± 0.9) at.% sodium is determined from the thin film, while the same analysis of the target material yields (34.4 ± 4.2) at.% boron, (58.5 ± 7.1) at.% oxygen and 7.3 ± 0.9) at.% sodium. Thus, agreement within the error bounds of measurement can be stated. It has to be admitted however that the error ranges are quite significant and furthermore, this analysis is not successful with all types of alkali. As a remarkable disappointment, just the most interesting case of Li cannot be treated with sufficient accuracy, since the absorption edge of Li is found at such low energies and its intensity is so low that it can hardly be separated from the background.
However, the fine structures of the absorption edges bear additional information that can be utilized, if suitable calibration samples are available. Based on comparison to finger prints of calibration states, a quantitative evaluation becomes possible. In this way, a very sensitive probe is available to determine even minor deviations in composition, oxidation state, or even the character of chemical bounds. We demonstrated this possibility at two important examples, sputter deposited thin films of V 2 O 5 [10] and LiCoO 2 [11] . Interestingly, based on the fine structure of absorption edges, also the Li intercalation state of LiCoO 2 films can be quantified, although the absorption edge of Li cannot be evaluated.
In the case of vanadium oxide, the interesting absorption edges V L and O K fall into a narrow energy window (see Fig. 8 ). Therefore, peak overlap hinders the direct quantitative evaluation of absorption intensities. However, spectra obtained from commercial VO 2 and V 2 O 5 powders demonstrate that the rising edge of V L shifts to higher energy loss with increasing oxidation state [10, 14] while the position of the O K edge is preserved. Therefore, the difference in energy loss between these two edges provides a reliable parameter to quantify the oxidation state and thus oxygen content of deposited layers. Different sputter conditions were tested in order to optimize V 2 O 5 layers deposited from powder targets. As optimum conditions, sputtering under a gas mixture of 10 −4 mbar Ar and 0.2-1.0 × 10 −4 mbar O 2 at room temperature followed by a post annealing at 250
• C in ambient atmosphere were identified. In this way, a maximum oxidation state of 4.7 is achieved (see demonstration in Fig. 8b) . Obviously, still a slight under-stoichiometry must be accepted. Nevertheless, these thin films fulfill the desired electrochemical function, as we demonstrated already in Fig. 5 .
The same experimental procedures were also applied to determine the optimum conditions for deposition of thin films of LiCoO 2 . In this case, EELS spectra of standardized powders of LiCoO 2 , Co 3 O 4 and CoO were used to derive suitable finger printings. Formally, these compounds represent the Co oxidation states of 3.0, 2.7, and 2.0, respectively. Again, a chemical shift of the Co L 3 edge is demonstrated (see Fig. 9a ), but we found that in this case the O K edge is an even more sensitive tool to characterize the layers, as shown in Fig. 9b . The spacing between O K 1 and O K 2 as well as the relative intensities of these peaks change dramatically with the cobalt to oxygen ratio. Produced under the optimized conditions identified in this work (sputtering under a 3 : 2 mixture of Ar : O 2 and a deposition temperature of 500-600
• C [11] ), the EELS spectra of the thin films agree in all important characteristic features to that of the commercial LiCoO 2 reference powder (see Fig. 9b ). Depositing thin films on glass slides coated with ITO, battery cathodes were produced. They were inserted in a chemical cell comprising of a graphite anode and the LiCoO 2 cathode, both dipped into a solution of LiClO 4 in a mixture of DMC/EC. Controlled amounts of Li were withdrawn electrochemically. In Fig. 10 , respective EELS spectra of intercalation states containing a remaining Li fraction of 0.9 and 0.25 are compared to that of the ideal LiCoO 2 film. Clearly, the spectra vary significantly with the Li content. Based on the spacing ΔE between the O K 1 and O K 2 edges or the relative intensities of these edges (see quantitative data in Table 2 ), an accurate measure of the intercalation state is established [11] .
It should be noted that an intercalation state of 0.9 Li falls into the reversible range of battery function, while de-intercalation to 0.25 Li leads already to irreversible transformation of the oxide. In consequence, the spectrum of this extreme de-intercalated state resembles already that of CoO, which indicates a decomposition process, probably accompanied by oxygen losses.
Atom probe tomography
The previous discussion of electron energy loss spectroscopy pointed out that the microscopic analysis of Li is only possible in favorite situations based on finger printing methods. To study battery functions on the atomic scale in a versatile manner, alternative analysis techniques are therefore urgently needed. To this aim, we started to develop atom probe tomography towards the capability of analyzing complex oxides and also layer systems, as they are required for fabrication of thin film batteries.
Atom probe tomography (APT) provides an interesting alternative in microscopic analysis [15] . Although it requires considerable experimental effort in sample preparation and instrumentation, the method promises direct threedimensional analytical data with single atom sensitivity and subnanometer resolution. In practical analysis of nanocrystalline metallic thin films, the spatial and chemical resolution of atom probe tomography can exceed that of analytical TEM considerably [16] . The technique is based on the controlled field-desorption of individual atoms or at least small molecules from needleshaped samples with apex radii below 50 nm. Desorbed species are detected by a position-sensitive detector setup and identified by time of flight spectroscopy. Subsequent to measurement, the origins of the atoms at the tip surface are calculated to better than 0.5 nm accuracy. By consecutive field desorption, a complete volume of the sample is analyzed and 3D maps of the atomic arrangement are reconstructed.
In the last decade, the method was revolutionized by introducing fast delayline detector systems [17] [18] [19] and sample preparation based on focused ion beams (FIB) [20, 21] . Nowadays, a reconstructed volume of typically 10 6 nm 3 , comprising about 100 million atoms, can be regularly expected from a successful measurement.
In the context of battery materials, the recent extension of atom probe tomography by short pulse laser systems is most remarkable. Traditionally, evaporation of atomic species from the sample was achieved by nanosecond high voltage pulses which restricted the method to metallic materials. In the new, laser-assisted evaporation mode, only a dc base voltage is supplied to the tip, which is slightly too low to initialize field evaporation. The final trigger to evaporate the molecules is provided by a low intensity short laser pulse. This technique has become possible only by the recent availability of reliable laser systems with sufficient repetition frequency. Meanwhile, the successful analysis of oxides and ceramics by atom probe tomography has been reported multiple times, see e.g. [22] [23] [24] [25] [26] .
A new instrument dedicated to the analysis of complex materials was developed and put into operation at university of Muenster recently [27] . Meanwhile, first measurements of relevant battery materials were tested. For this purpose, needle-shaped substrate tips are produced by electro-polishing tungsten wire and shaped to 20-30 nm curvature radius by appropriate field evaporation in a field ion microscope. Subsequently, these prepared needles are coated with the layer system of interest. Since substrates are kept in field-free space, the described variant of particle beam sputtering is particularly suited to coat these sharp needles. By contrast, uncontrolled growth at the tip apex appears with conventional magnetron sputtering, since the tips function as tiny antennas in the plasma field so that they attract ions by coulomb interaction in an unpredictable way.
For illustration, Fig. 11 shows a transmission electron micrograph of a prepared substrate tip coated with a LiCoO 2 layer. The typical volume of analysis is marked by dashed lines. Owing to the hemispherical curvature of the substrate, also deposited layers become curved. On the lateral scale of 10-20 nm however, interfaces appear still approximately flat.
In Fig. 12a , a mass spectrum of a sputter-deposited LiCoO 2 layer including the first part of the W substrate is shown. Li and W are detected as atomic species in one-fold or three-fold charged state, respectively. The natural isotopes are clearly distinguished. By contrast, Co is frequently found as part of oxide molecules. In view of the difficulties of the TEM techniques EELS and EDX with Li, the simple counting of Li with the atom probe is remarkable. Most of the molecular mass peaks in the spectrum can be assigned unambigously to a certain combination of atomic species, so that the atomic fractions of all components can be correctly evaluated from the number of detected events.
After assigning atomic species to mass peaks, the tomographic volume reconstruction is calculated as presented in Fig. 12b (only the volume indicated by the dotted line in Fig. 11 is presented in order to reveal the slightly curved interface clearly). The fact that molecular events are detected has important consequences to the accuracy of this volume reconstruction. Molecules have to be split into their components of which individual positions are unknown. This necessarily introduces some uncertainty in the evaluated atom positions on the distance of a lattice constant. Mostly for this reason, it is impossible to resolve individual lattice planes within the oxide layer in contrast to the metallic substrate, where the (110) lattice planes of the bcc structure of tungsten are frequently resolved (see inset).
On a coarser scale of about 0.5 nm however, compositions can be evaluated accurately by counting the different species within given small sampling volumes. In this way, composition profiles are determined perpendicular to the layer interface as shown in Fig. 13 . As average on the total layer, the composition is measured to be 28.4 at. % Li, 25.8 at. % Co, and 44.2 at. % O in reasonable agreement to the aimed stoichiometry of LiCoO 2 , which confirms that the peak assignment in the mass spectrum has been probably correct. Nevertheless, a slight under-stoichiometry of oxygen is indicated. It is not clear to which extent oxygen might be lost during the measurement. An accuracy up to a few at.% was proven in other experiments with oxides [23] . However, more significant are the unbalanced fractions of the metallic species Li and Co. In a subsurface layer of 5 nm thickness, the compound appears significantly enriched in Li while the Co content is suppressed. (Standard deviation of individual data points smaller than ±3 at. %.) This tendency of Li to segregate to the surface would be naturally understood by the higher stability of Li oxide in comparison to Co oxide and the availability of excess oxygen at the surface (it is remarkable that the oxygen content just at the surface amounts exactly to 50 at. %). If this selective oxidation of Li became too pronounced, the forming Li 2 O layer would presumably hinder fast intercalation of Li + . Therefore, this observation by atom probe tomography may have significant practical consequences.
A similar analysis was performed with a Li-borate glass. In this case, tungsten tips were coated with a layer of about 20 nm thickness, sputtered from a target with a nominal composition of (Li 2 O) 0.2 (B 2 O 3 ) 0.8 . A mass spectrum determined from the layer region is shown in Fig. 14a . In comparison to the previous example of the intercalation compound, the spectrum appears much more complex. Most events must be assigned to larger molecules. Some peaks could not be identified unambiguously. Therefore, the total measurement of composition suffers from an uncertainty in the range of about 5 at. %. Averaged on the complete volume, the composition of the sputter-deposited glass is determined to be 12.1 at. % Li, 37.4 at. % B, and 48.2 at. % O, while the nominal composition of the target requires 8.7 at. % Li, 34.8 at. % B, and 56.5 at. % O, respectively. As in the previous experiment, an understoichiometry of oxygen is stated. On the average furthermore, Li seems to be more abundant than expected. Such increase in Li content would have significant impact on the conductivity of the glass. But in view of the complex mass spectrum prone to misinterpretation, we are not sure whether this enrichment of the alkali is indeed significant. The fact that correct sodium composition has been proven by EELS in the case of sodium-borate glasses raises further doubts.
While absolute quantities in a calibration free measurement remain a delicate matter, spatial variations in the relative number of detected elements are certainly significant. As before, a clear enrichment of Li is detected close to the surface. But in the case of the glass here, the enrichment of Li is balanced by a joint decrease of the second metal and oxygen as well, in obvious contrast to the previous case of LiCoO 2 in which the increase of Li was accompanied by an increase of the oxygen content. Furthermore, the elevated Li content at the surface is counterbalanced by an obvious loss of Li at the opposite side of the glass layer towards the tungsten substrate, as marked by light and dark shaded areas in Fig. 14b .
This enrichment of Li at the surface of the layer and the compensating lack of Li at the inner interface was well reproduced in more than 15 independent measurements and was observed furthermore for four different glass compositions (Li 2 O) x -(B 2 O 3 ) 1−x with x = 0.15, 0.2, 0.25 and 0.3. Therefore, this observation strongly suggests that the glass layer becomes polarized by coherent shift of Li cations relative to the negatively charged network. As sketched in Fig. 14c , a strong field of the order of a few tens of volts per nanometer (!) is supplied to the tip during measurement. Since the glass layer is electronically insulating, a significant fraction of this field penetrates into the glass layer. The polarity is such that positive charges are driven towards the surface. Thus, provided sufficient mobility, Li ions will accumulate at the surface and will be measured predominantly while they are underrepresented in the last part of the layer measured just before reaching the metallic substrate.
At present, details of the observed polarisation profiles are not understood. This understanding would require solving the Laplace-Boltzmann equation for the varying thickness during the measurement and taking into account the dynamic balance of evaporation from the sample surface and transport through the remaining layer. At present, the mobility of the ions can hardly be predicted, since the temperature is almost unknown. The base temperature during measurement amounts to 50 K. But the tips are heated for a very short duration (ps) by the laser pulse to about 300 K so that the effective temperature is unclear.
Although still preliminary, the two presented examples of successful atom probe measurements demonstrate that important details on the local distribution of the Li ions may be detected by this microscopic technique in future. The direct proof of ionic migration in thin films of a few nanometers in thickness suggests studying the microscopic mechanisms of intercalation and ion transport. We are still just at the beginning of introducing this tool into battery research. 
Ion conductivity of sputter-deposited oxide glasses
In comparison to conventional secondary batteries, which all contain some ion conducting liquid or gel, all-solid-state batteries would offer the possibility of direct integration in microelectronic devices and would promise furthermore secure operation, as any leakage of a liquid is reliably prevented. Therefore, this kind of solid state devices has been a dream for decades but could not be realized apart from a few prototype models of which reversible function is still a delicate problem [28, 29] . In such kind of battery, the conventional liquid ion conductors must be replaced by a solid material of sufficient ionic conductivity. In Fig. 15 , a chart of typical specific conductivities of different material classes is presented. Solid ion conductors that are used in fuel cells, batteries, or sensor devices are found in the grey shaded parameter field. None of these can compete in terms of specific conductivity with aqueous solutions. Therefore, it is no surprise that the few superionic conductors, which reveal the highest specific conductivity close to 10 2 Ω −1 cm −2 , are primarily suggested to be used as membranes in solid state batteries. For practical function however, the absolute conductivity of a membrane is decisive, not the specific material property. Thus, a low specific conductivity may be compensated by small thickness. Applied in a thickness range down to only 10 nm, even borate and silicate glasses may become useful alternatives, although they are, according to the chart in Fig. 15 , usually not considered for functional devices. In the following section, we will explore the particular behavior of these glasses, if they are deposited as thin films.
The structure of the discussed glasses is primarily determined by the trigonal or tetrahedral building units of borate or silicate, respectively. In order to get the networks conductive, they are doped by alkali-oxides. Each molecule of these so-called network modifiers inserts a negatively charged defect into the covalently bonded network and introduces a mobile cation as the vehicle of transport. By varying the alkali-content, the conductivity of bulk glasses (solidified from the melt) can be largely varied as marked by finite ranges in Fig. 15 .
For studies of conductivity, a variety of targets were produced. The experiments comprised a series of Li-borates with varying alkali content (15, 20, 25, 30 , and 35%), borate glasses of the same doping level but of different cations (Li, Na, Rb, Ag), and for comparison, a borate and silicate glass with identical modifier content of 35% Li 2 O. The thickness of the sputtered glass layers was varied between 7 nm and 700 nm.
In order to measure the conductivity by impedance spectroscopy, multilayer systems were sputter-deposited on polished silicon substrates. The bottom planar electrode consisted of 15 nm of a Al-8.4 at. %-Li alloy, followed by the glass membrane. By using a suitable deposition mask, the top electrode was produced as an array of circular disks as indicated in Fig. 16 (left) . This contact comprised of a triple layer of Al(Li), Ta, and Au, as already discussed with Fig. 3 . In the case of very thin glasses, the lateral size of the contacts was decreased to 0.3 mm in diameter to reduce the risk of short circuit failures.
A dedicated micromechanical device equipped with fine spring loaded Aucoated pins was designed (see Fig. 16 right) to contact the tiny electrodes without mechanical damage of the sensitive structures. This device comprised a ceramic heating plate that allowed heating samples up to about 400
• C during electrical measurement. Further details on the technical equipment of the experiment may be found in [30] .
In order to determine the dc conductivity from impedance data, plotting the real part of conductivity vs. frequency and identifying a low frequency plateau in conductivity would be the natural choice. With decreasing thickness however, electrode polarization becomes a serious problem so that not in all cases clear plateaus could be identified. To our experience, the interpretation of Nyquist diagrams based on appropriate equivalent circuits yielded • C, is shown in Fig. 17a (solid symbols) for example. The right hand branch (low frequencies) is due to electrode polarization while the semicircle at the left (high frequencies) is assigned to the volume properties of the glass layer. This identification can be secured by two additional observations: (i) In addition to a sample with Al(Li) electrodes, also the impedance of an identical sample, except that the metallic electrodes were replaced by LiCoO 2 , is shown in the figure (open symbols) . Obviously, the exchange of the electrode material does only affect the low frequency part, while the semi-circle at high frequencies is preserved.
(ii) Formally, we can describe this semi-circle by an equivalent circuit [31] that connects a resistor and a constant phase element in parallel, which yields as quantitative expression for the impedance
(ω denotes the angular frequency, R the ohmic resistor and Q and n prefactor and exponent of the constant phase element, respectively.) This model yields indeed a reasonable description of the measured impedance (see solid line in Fig. 17a) , although a detailed understanding of the frequency dependence needs a physically sound model, such as for example the "Concept of Mismatch and Relaxation" (CMR) by Funke and coworkers [32] . Based on this latter concept, we have demonstrated [33] that the capacity across the glass layer can nevertheless be derived from the characteristic parameters of the constant phase element:
In this way, the Nyquist diagrams of glass layers of varying thickness were evaluated. Determined capacities are plotted in Fig. 17b vs. the thickness of the glass layer. As it is expected, the capacity scales with the reciprocal of layer thickness and corresponds furthermore to a dielectric constant of ε r of 12, quite a reasonable value for the considered glass. Having checked in this way the nature of the high frequency semi-circle, detailed measurements of the dc conductivity were performed by fitting Eq. (1) to the respective data and determining the appropriate resistor R as a measure of dc conductivity. Taking into account the geometry of the layer, the specific conductivity of the glass was calculated.
At first hand, it is interesting to compare the specific conductivity of sputter-deposited glass layers with that of corresponding bulk glasses. To make this comparison as direct as possible, the bulk conductivities were determined at the respective targets which were afterwards used for thin film deposition. A few selected examples of such comparison are shown in Fig. 18 ; data of sputter-deposited thin films are indicated by solid symbols, those of the bulk glasses, solidified from the melt, by corresponding open symbols. The conductivity of Na (circles) and Rb (squares) borate thin films is by one to two orders of magnitude higher than that of the respective bulk material. The same result was also found for Li and Ag borate glasses [30] . But in remarkable contrast, thin film Li silicate glasses (triangles) reveal exactly the same conductivity as the bulk glass of identical composition.
This increase of conductivity in sputter-deposited alkali-borates was studied in detail for the network modifier Li 2 O. The conductivities of glasses of varying modifier content are shown in Fig. 19a,b for bulk glasses and thin films, respectively. The isothermal data at a selected temperature of 180
• C presented in Fig. 19c allow an easy comparison. As expected, the conductivity of the bulk glasses increases with concentration of mobile charge carriers. It should be noted, that this increase exceeds by far a simple proportionality with the number of charge carriers, which demonstrates that Li does not only function as mobile charge carrier but indeed also modifies the network. Furthermore, filling of existing sites with mobile species up to an atomic "Fermi-level" [34] may play an additional role. This concept would in particular explain the observed decrease of activation energy with increasing alkali content in natural way.
Also the thin films reveal this general dependence on alkali content, even though significantly weaker than the bulk glasses. But more important here, thin films always reveal a higher conductivity than the corresponding bulk, although this surplus in conductivity tends to level out at higher compositions (see Fig. 19c ). The fact that the effect of elevated conductivity is only observed in thin borate films but not in silicate made us suggesting a model that assumes an increased content of non-bridging oxygen (NBO) defects in the sputtered thin films.
In order to compensate for the additional positive charge of the cations, negatively charged defects must be introduced into the covalent network. In the case of silicates, these are predominantly NBOs, while NBOs as well as tetrahedrically coordinated borons (BO 4 ) both contribute in borate glasses. Recent molecular dynamics simulations [36, 37] have indicated that the mobility of the alkali ions is significantly higher in the neighborhood of a NBO defect. This may by understood by the broken bond of the NBO that weakens the network locally, while the BO 4 units even strengthen the network in comparison to the trigonal units of the undoped borate network. Only the total content of both defects is fixed by stoichiometry, according to the relation
in which x denotes the relative fraction Li 2 O. The relative abundance of both defect types is variable and will presumably depend on the production route of the material. For bulk glasses the density of both defects was determined by NMR [35] . These literature data are reproduced by dashed lines in Fig. 20 . Also the total content of network defects determined by Eq. (3) is shown (black solid line). If we assume conductivity as a unique function of the density of NBOs, this density can be estimated from the NBO content of the bulk glass of the same conductivity shown in Fig. 19c . This estimated density is plotted by the data points in Fig. 20 . It becomes obvious that the surplus in conductivity of the thin films must naturally level out with increasing Li 2 O content, since the number of NBOs approaches the maximum total number of network defects.
(Further details of this study are discussed in [30] .) As a second important aspect, a finite size effect was observed in samples with very thin glass layers sandwiched between Al(Li) electrodes. In samples that were annealed after deposition, the conductivity increases by up to three orders of magnitude, if thickness is reduced to below 10 nm. Experimental data of this remarkable effect are shown in Fig. 21 for Li-borate glasses of varying alkali content. In the extreme, a membrane of only 7 nm in thickness was successfully measured. It must be emphasized that the trivial increase of absolute conductivity with decreasing thickness is already taken into account by calcu- lating the specific conductivity. Therefore, the presented increase in specific conductivity reflects a real property change of very thin films. In two articles we published and discussed this observation in detail [6, 7] .
At first hand, one could make space charge zones responsible for a higher conductivity of very thin layers. Indeed, a space charge model, assuming diffusion of Li + ions from the Al(Li) electrodes into the glass and a negative charge at the electrode surfaces for compensation, can formally describe the experimental data, as shown by the solid lines in Fig. 21 . However, the Debye screening length, which is necessary to fit the data appears with 15-20 nm way too large in view of the high concentration of mobile charge carriers.
Therefore, probably a space charge model must be ruled out. As an alternative approach, we suggested a cluster model. During the annealing treatment, NBOs tend to cluster and form local regions of higher conductivity. Below the percolation limit, these regions of high conductivity are still insulated within a matrix of poor conductivity. However, if the thickness of the glass film approaches the typical diameter of the conductive clusters, an increasing number of these clusters will bridge the two electrodes and thus will lead to a significant increase in conductivity. Using a model resistor network, this concept was evaluated and it was demonstrated that indeed a quantitative description of the observed conductivity increase can be achieved [7] .
Measurement of ionic transport by optical transmission
As we have seen in the presented study on ion conductivity of glasses, impedance spectroscopy is a powerful tool to determine specific transport prop- erties also in thin films, even if interfaces prevent a permanent dc transport. However, just this real dc transport is required for many applications, which raises the question to which extent the data obtained by impedance spectroscopy are relevant for practical devices. We therefore developed a method of direct transport measurement in thin films based on the electro-chromatic properties of LiCoO 2 which were recently reportet [38] .
In Based on this observation, a physical measurement of Li transport is designed. The required, quite simple instrumental setup is sketched in Fig. 23 . A transparent substrate coated with ITO and Li-oxide is inserted into a transparent electrochemical cell filled with an electrolyte that provides mobile Li ions (mixture of DMC/EC and 1 M LiClO 4 ). The counter-electrode (graphite) and a reference are placed so that they do not disturb light transmission through the LiCoO 2 cathode and the cell. By illumination with a power-LED and intensity measurement by a sensitive photo-cell, the relative transparency of the LiCoO 2 film is determined.
After establishing the initial equilibrium potential between cathode and reference (about 3.8 V vs. Li), the cell voltage is suddenly increased by a small step (0.3 V) within the reversible range. The response in transparency is traced by relaxation curves as presented in Fig. 24 . Curves of LiCoO 2 films of differ- ent thickness (12.5-100 nm) are shown. By proper scaling in time, these curves reasonable merge on a common master curve. The required scaling times for this normalization fulfill a linear relation with the square of thickness, in remarkable accuracy (see inset of the Fig. 24 ). This demonstrates clearly that the observed process is controlled by diffusion within the LiCoO 2 layer.
If applied potential steps are sufficiently small, transparency varies proportionally to the Li content within the layer. The out-diffusion of Li after disturbing the equilibrium by the applied voltage can be described by solution of Ficks second law under consideration of appropriate boundary conditions [39] . Therefore in first approximation, the transparency is expected to vary with time t as
In this equation T 0 , T ∞ , d and D Li + denote the transparencies at the beginning of the experiment and after very long waiting, the layer thickness, and the diffusion coefficient of Li + within the oxide, respectively. By fitting the relation to the presented experimental curves, the diffusion coefficient of Li ions in the sputtered layers at room temperature is determined to D Li + = (1.0 ± 0.2) × 10 −14 cm 2 /s. Since this value does not rely on electrical measurement but is determined from a property change related to the de-intercalation of Li, it certainly characterizes the practical achievable intercalation rate in thin film devices.
Remarkably, the diffusion rate determined in this way is about two orders of magnitude lower than literature data [40, 41] obtained by means of impedance spectroscopy. At present, it is not clear whether this discrepancy is due to a general physical difference of the applied different methods or whether it is due to the distinguished properties of the thin films produced in this work. By the applied particle beam sputtering technique, LiCoO 2 layers grow in strong c-axis texture. In the non-cubic lattice structure, transport rate depends on lattice direction and is slowest in c-axis direction perpendicular to the oxygen planes. Thus, in our experiments transport appears in the slow direction while in other studies fast transport parallel to the layers may have been measured.
Having demonstrated in this way that a variation of the Li content in sputtered LiCoO 2 layers can be accurately traced by measurements of transparency, the same LiCoO 2 layers can be used as a substrate to characterize the permeation through other interesting materials as long as these form transparent films and control the kinetics due to slower mobility. This strategy shall be demonstrated by a measurement of Li penetration through thin glass membranes of (Li 2 O) 0.35 -(SiO 2 ) 0.65 as shown by the data curves in Fig. 25 . In this case, the absolute variation of the voltage generated by the photocell is plotted, which represents a measure for the absorption coefficient in arbitrary units. The important measured parameter is the time lag between the change of the chemical potential and the onset of the response of the optical signal. As seen in the figure, in the case of a naked LiCoO 2 layer of 100 nm thickness, the optical response appears practically instantaneously with the sudden increase in supplied cell voltage. By contrast, samples coated with an additional glass layer respond only after a characteristic time delay. This delay nicely scales with thickness of the added glass layers (see inset). Again a parabolic relation with the thickness is indicated. This justifies evaluation of the time lag by (see [39] ). In this way, the diffusion coefficient of Li through the thin glasses is determined to be (1.6 ± 0.3) × 10 −15 cm 2 /s. The conductivity of the same silicate glass layers was determined independently by impedance spectroscopy [30] . From published conductivity data, the respective diffusion coefficient, is determined to 1.2 × 10 −14 cm 2 /s applying Nernst-Einstein relation. Obviously, the time lag method yields a diffusivity that is about an order of magnitude slower than that determined by impedance spectroscopy.
It must be noted that the interpretation of conductivities in terms of diffusivity needs the concentration of mobile charge carriers. By contrast, the time lag method delivers the respective diffusion coefficient directly. Thus, at present, we cannot decide whether the stated discrepancy is due to an erroneously assumed density of charge carriers or can be interpreted as evidence for a considerable Haven ratio.
It is noteworthy that the method described here closely corresponds to charging and decharging in thin film batteries, while impedance spectroscopy delivers only indirect evidence for the function of a battery. Therefore, the described time lag method is certainly of interest from a technical point of view.
The essential prerequisite for the discussed time lag method is the fabrication of thin films in well controlled thickness. If such layers are available, the method is capable to determine the kinetic barrier formed by an additional glass layer of only 5 nm thickness. Even at this small thickness, the measured time lag still amounts to 27 s, which is easily resolved in measurement. Therefore, there is certainly a potential of obtaining meaningful measurements of even thinner layers.
Although the preliminary data presented in Fig. 25 need further confirmation, it is already indicated that down to 5 nm thickness, the influence of the glass layer still obeys a parabolic dependence on thickness. From this observation, it can be concluded that the interface between the coating glass and the intercalation compound as well as the surface of the glass in contact to the electrolyte do not introduce further distinguished interfacial transport barriers. It will be a future point of interest to study this aspect with even thinner glass layers to reveal the particular impact of the interfaces.
Summary
In this work, a study on several aspects of thin film battery materials is presented. The possiblity of depositing functional thin films by neutral particle beam sputter-deposition is explored. Suitable process parameters are derived for deposition of LiCoO 2 , V 2 O 5 , Li 4 Ti 5 O 12 electrodes as well as alkali borate and silicate glasses to be used in batteries as thin film ion-conductive membranes. The crystalline structure and chemical function of the electrode materials were verified by X-ray and cyclo-voltammetry. In the case of V 2 O 5 , also the long-term cycling stability was demonstrated.
The chemical analysis of depositied layers, was demonstrated by EELS techniques. Beside the established procedure of comparing the height of characteristic absorption edges, also useful finger-printing methods were demonstrated. With finger-printing, the oxidation state of V in vanadium oxide can quantified. Also, the intercalation state of LiCoO 2 becomes measurable without evaluating the Li absorption edge.
The analysis of LiCoO 2 and of borate glass films by laser-assisted atom probe tomography was introduced. The application of this innovative method, revealed a tendency of Li 2 O segregation at the surface of LiCoO 2 . In borate glass layers, polarization by migration of mobile Li + ions was demonstrated, which probably appears during the atom probe analysis. The atom probe study demonstrates that migration of Li and polarisation can be microscopically observed and evaluated in thin glass layers of only 20 nm thickness.
The ionic conductivity of thin, network glasses was characterized in detail by impedance spectroscopy in comparison to the corresponding bulk materials. It is shown that sputter-deposited borate glasses doped with various alkali network modifiers reveal a higher specific conductivity than bulk glasses which were solidified from the melt. The depencence of this effect on composition and the fact that thin silicate glasses do not show any modification of conductivity make plausible that the higher conductivity in sputter-deposited borates is related to an increased density of non-bridging oxygen defects.
Finally, it has been demonstrated that by using thin LiCoO 2 films of well controllable thickness, intercalation rates can directly be measurement based on the electrochromatic properties of this oxide. The intercalation in thin films of 100 nm thickness is still diffusion controlled. By measurement of light transmission through more complex layer stacks, even the permeation through silicate membranes of only 5-20 nm in thickness can be studied and permeation rates are quantified. It is seen that diffusional transport controls the permeation even in a membrane of to 5-20 nm in thickness while the influence of interfacial barriers is still negligible. Surprisingly, the absolute diffusivity is an order of magnitude slower than concluded from impedance measurements.
